A study was performed
A laboratory-scale IGA system was used to atomize -7 kg melts (10). Prior to melting, the chamber was evacuated and back filled with argon four times. The melt temperature prior to initiating atomization was 163O"C, which provided a 250 to 270°C superheat.
The atomization used helium at a nozzle pressure of -600 psi.
The gas-molten metal interaction involved a close-couple configuration.
In order to obtain sufficient quantities of powder for extrusion consolidation of a range of particle sizes, six atomization runs were performed, and the powders from each batch were mechanically screened. The powders were hot extruded into bars. The particle size fractions used for the extrusions were >lO to ~30, >30 to ~50, >50 to ~75, >lOO to <150, and >lO to <150 pm. For the last fraction, the median particle size was 45 pm, typical for the overall particle size distribution. The powders were hermetically sealed in mild steel containers after degassing (300°C). The preheated (1100°C) powder-filled billets were extruded to a ratio of 10.5 to 1, which produced -2 cm diameter bars after cladding removal.
The consolidated powders were found to be fine-grained and in a recrystallized microstructural condition.
There was no evidence of porosity in the extrusions.
Isothermal heat treatments were performed on the five consolidated powders and their conventionally processed counterpart (CPC) for grain growth evaluation. Aging studies after an 1100°C -1 h anneal were also performed using hardness determinations.
TEM/STEM examinations were performed on the IGA >30 to <50 pm extruded powder and the CPC material after 1 h heat treatments at 1100°C followed by a water quench. In addition, specimens for the two materials were examined with TEM/STEM after receiving a 750°C -4 h t 650°C -16 h aging treatment.
Room temperature tensile tests were performed on the unaged and aged powder series and the CPC. Tests at 650°C were performed on the aged specimens.
Results

Powder Characteristics
The screened powder yields ~150 pm (100 mesh) for the six batches ranged from 92 to 95%. The median particle size for the six batches was 50 pm, based on a cumulative weight fraction of 0.5. The particles were predominantly spherical, with some evidence of attached satellites on some of the larger particles.
The morphology of the microstructure was primarily dendritic, with dendrite arm spacing (DAS) dependent on the particle size. The DAS ranged from 0.8 to 1.8 pm for particle sizes of >20 to ~30 and >lOO to 150 pm, respectively.
Entrained helium was detected in the powder. The amount entrained increased with increasing particle size, with 1.2 atomic parts per million (appm) observed for the largest particle size fraction (>lOO to <150pm) used for powder consolidation.
The entrained helium appears to be associated with porosity.
The helium concentrations were retained during powder consolidation.
Composition
Composition was determined on each powder particle size after extrusion consolidation.
No composition differences were observed for the various particle sizes except for the helium noted in the previous section and oxygen. The oxygen levels increased with decreasing particle size as shown in Figure 1 . The oxygen behavior is attributed to oxide films on the particles acquired during IGA processing. 
Heat Treatments and Microstructure
Since the powders were hot extruded at 1100°C with no subsequent cold working, the extruded materials were given a 1 h 1lOO'C solution anneal prior to aging. This heat treatment produced a fine grain size of 0.011 mm that was independent of the powder particle sizes used for consolidation. The same heat treatment produced a grain size of 0.13 mm for the CPC. Optical micrographs of the IGA processed and extruded Alloy 718 powder and the CPC after this 1 h heat treatment are shown in Figure 2 . TEM examinations on the two specimens shown in Figure 2 revealed that the heat treatment had produced a solution anneal condition (See Figure 3) .
The aging treatment for the extruded powder series and the CPC involved a duplex age from 1100°C.
The specimens were furnace cooled to 750°C at 83"C/h, held at 750°C for 4 h, furnace cooled to 650°C where they were held for 16 h, and air cooled to room temperature. The hardnesses observed (in diamond pyramid units using a 200 g load) before (llOO"C-1 h) and after the duplex aging are shown in Table I for the powder series and the CPC. The powder particle size used for the extrusions has no obvious influence on hardness before or after aging.
TEM examinations were performed on the aged >30 to <50 pm extruded powder and the CPC. Typical TEM photographs are shown in Figure  4 .
Tensile Properties
The room temperature tensile properties (0.2% offset yield stress, ultimate stress, total elongation, and reduction in area) for the unaged and aged Alloy 718 specimen series are shown in Figure 5 . The stress results ( Figure  5a ) are independent of powder particle size in both the unaged and aged conditions. CPC values are shown along the ordinates of Figure 5 for comparison.
The yield stress for the IGA extruded powder series is about CPC material (left) and extruded powder with a 30 to 50 pm particle size (right). and extruded powder with a >30 to t50 pm particle size (right).
reduces the difference to about 30 MPa. The ductility represented by total elongation and reduction in area ( Figure  5b ) shows no obvious dependence on particle size before or after aging. Except for the total elongations associated with the unaged conditions, the ductility appears to be comparable at room temperature for the IGA extruded powder series and the CPC material.
The tensile test results at 650°C for the IGA extruded powder series and the CPC are shown in Figure 6 for aged specimens.
Similar to the results shown in Figure 5 , there appears to be no influence from powder particle size for the 
where R is the solidification rate ("K/S) and d represents the dendrite arm spacing (Pm). A and n are empirical constants, for Alloy 718 these have been reported as A=141 and n=0.40 (11). Measurements of DAS for the IGA Alloy 718
powders showed values of 0.8 and 1.8, for particles with average diameters of 25 and 125 pm, respectively.
The solidification rates calculated from these DAS values are 4x10' and 5~10~ ' K/S, respectively, which indicates that rapid solidification did occur. Figure 6 -Influence of powder particle size on the tensile properties at 650°C for IGA Alloy 718 extruded powders (with CPC comparisons).
The influence of particle size on macroscopic composition had no surprises except for the oxygen behavior. Although not covered in this paper, an analysis of the results of Figure  1 shows that the oxygen increase for the powders compared to the melt stock (CPC material) is due to oxide films on the particles (13). Furthermore, the oxide film thickness, calculated to be 5.3 nm, is independent of particle size (13). The oxygen entrained inside the particles, i.e., -0.007 wt%, appears to be that associated with the melt stock material. This study has shown that there is no apparent influence from the powder particle size on these two properties. The very fine, and powder particle size independent, grain size observed after the 1100°C-1 h heat treatment suggests that a pinning and/or a stabilization mechanism is operating at the grain boundaries. However, the study has not resolved the reason for the small grain sizes observed in the extruded powder series.
It was shown in Figure 3b that 
Conclusions
Inert gas atomization of Alloy 718, using helium, produced high quality powders having fine dendritic microstructures with arm spacings that decreased with decreasing particle size. The powders for five different particle sizes were consolidated by hot extrusion. Characterization of the consolidated materials showed a powder particle dependence on oxygen content that decreased with increasing particle size and is due to oxide films from the particle surfaces that were acquired during powder processing. A fine grain size that was independent of powder particle size was observed after llOO"C-1 h heat treatment for the IGA extruded powders. Tensile properties for the IGA extruded powders before and after a duplex aging treatment were independent of powder particle size. Significant increases in tensile stresses were observed for the IGA extruded powder series compared to their conventionally processed counterpart.
The increases in tensile stresses are attributed to the fine grain size associated with the IGA Alloy 718 extruded powders.
